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Bottom-up approach for carbon nanotube interconnects
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We report a bottom-up approach to integrate multiwalled carbon nanot(M@&NTs) into
multilevel interconnects in silicon integrated-circuit manufacturing. MWNTSs are grown vertically
from patterned catalyst spots using plasma-enhanced chemical vapor deposition. We demonstrate
the capability to grow aligned structures ranging from a single tube to forest-like arrays at desired
locations. SiQ is deposited to encapsulate each nanotube and the substrate, followed by a
mechanical polishing process for planarization. MWNTSs retain their integrity and demonstrate
electrical properties consistent with their original structure. 2@D3 American Institute of Physics.
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The interconnect in an integrated circdi€) distributes  and 9. The extraordinary electrical, mechanical, and thermal
clock and other signals as well as provides power or groungroperties of CNTs may provide near-term solutions for
to various circuits on a chip. Thmternational Technology problems in interconnects, chip cooling, etc. in silicon IC
Roadmap for Semiconductof§ RS)* emphasizes the high- technology. For example, Wet al1° showed that the current
speed transmission needs of the chip as the driver for futurearrying capacity of multiwalled CNT$MWNTSs) did not
interconnect development. Interconnect requirements for thdegrade after 350 h at current densities of°l&cm? at
near and long term for both high performance microproces250°C. The thermal conductivity of CN¥s'? is about
sors (MPs) and dynamic random access mem¢BRAM) 1700-3000 W/m K. The mechanical properties of CNTs are
are outlined in ITRS. MP needs involve solutions to local,also superior to those of traditional materials used in the IC
intermediate and global wiring. In general, the challenges inndustry.
interconnect technology arise from both material require-  Kreupl et al!® recently deposited MWNTs inside 400
ments and difficulties in processing. The susceptibility ofnm vias and 55 um? contact holeg1.25 um depth. Al-
common interconnect metals to electromigration at high curthough their estimated resistance per nanotube of @00 k
rent densities ¥ 10° A/lcm?) is a problem. The copper inter- was high, this value will certainly decrease as CNT growth
connect, introduced in 1998, is now routinely used withmatures and the quality of the CNT—metal contacts im-
minimum feature sizes down to 130 rfmiHowever the elec- proves. But this approach does not offer a viable solution to
trical resistivity of Cu increases with a decrease in dimen-interconnect problems. It is well known that CNTs, as depos-
sions due to electron surface scattering and grain-boundaited on substrates and inside trenches, appear as “noodles.”
scatterind"® Such size effects arise from interface roughnessThe anticipated ballistic transport is unlikely to happen in
and small grain size, which are hard to overcon@n the  entangled nanotubes. Although the reported fill factor is low
processing side, current technology relies on three steps: dgnd can be improved in the future, planarization by chemical
etching to create the trenches/vias, deposition to fill metaimechanical polishingCMP) is likely to unravel the noodles.
plugs, and planarization. The aspect ratio of contact holes foFhis approach simply replaces Cu or Al with CNTs and relies
DRAM stacked capacitors now is 12:1 and is expected tan the traditional etch-deposition-planarization path; thus all
increase to 23:1 by 201%6Creating such high aspect ratio the problems of high aspect ratio etching of vias and holes
contacts with straight walls is an extremely difficult task. remain. Seeding the bottom of a deep trench with the catalyst
HBr etching of SiQ for a 9:1 contact hole reported in Ref. 6 for CNT growth may also become an issue. We offer an
yields a diameter of 135 nm at the top but only 70 nm at thealternative solution in which MWNTSs are first grown at pre-
bottom. Aspect ratio dependent etching becomes a seriowspecified locations, then gap filled with SiOand finally
problem with each new IC generation. Plasma damage anplanarized. This bottom-up approach eliminates the etching
cleaning of high aspect ratio features also pose concernstep, already provides an aspect ratio of 20 or more uniform
Void-free filling of high aspect ratio features is an equally diameter interconnects, eliminates void-related problems
difficult task. since the SiQis gap filled rather than CNTs and provides a

Innovative material and process solutions are critical taSiO,-CNT structure that is smooth, mechanically stable, and
sustain the growth curve according to ITRS. In this regardwithstands the aggressiveness of CMP.
the potential of carbon nanotub&NTS) as an interconnect Figure 1 shows a schematic of our process sequence. A
material has been recognizé&or a discussion on the struc- Si (100) wafer covered with 500 nm thermal oxide and 200
ture and properties of CNTs, the reader is referred to Refs. Bm Cr (or Ta) lines is used to deposit 20 nm thick Ni as a
catalyst. lon beam sputtering is used to deposit Ni on pat-

aElectronic mail: jli@mail.arc.nasa.gov terned spots for local wiring or contact hole applications; for
YAlso at: ELORET Corporation. global wiring, Ni can be deposited as a 20 nm thick micron-
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Metdl Catalyst PECVD Figure Zc) shows MWNTs on a catalyst film deposited at
Deposition — Patterning — I I I I I alignment markers over 10m in size. In all cases, we have
[ [_-l--l.;l--l-_._l [ successfully grown uniform MWNT arrays with uniform di-
v ameters along the axis from the base to the[féigs. 2Q)
Top Metal Layer TEOS CVD and Zh)]. Attachment of the nanotubes to the substrate is
Deposition CMP very strong and they cannot be removed easily.
_E__m_« I I I I I -« I I I I I SiO, deposition is found to be conformal around each
. T 1 nanotube as well as on the substrate. When the, SI®
grows thicker, it starts to break down to about 2#3 size
FIG. 1. Schematic of the process sequence. grains. For catalyst spots smaller thangh, we found that
the CNTs are normally embedded within a single SiPain
scale film. Then plasma enhanced chemical vapor depositiowhereas multiple grains form for larger spot siZésgs.
(PECVD is used to grow a low density MWNT array by an 2(d)—2(f)]. The Cr surface is also covered with a uniform
inductively coupled plasma process or dc plasma-assisted hgiO, film about 3 um in thickness(not shown. There are
filament CVD as reported previoust{.**Each CNT is ver- some void<=<100 nm in sizginside the Si@ film as a result
tically aligned and freestanding on the surfdeee Fig. 2  of the grain boundaries. This can be avoided for catalyst spot
Such CNT structures are not possible by thermal CVD bukizes less than 2m. Although not optimized, TEOS CVD
are produced by PECVD due to the electric field normal tohas shown the formation of a conformal Sityer around
the substraté? Next, the free space between the individual CNTs and good gap-filling properties. The CMP process re-
CNTs is filled with SiQ by CVD using tetraethylorthosili- moves the excess SjGand breaks the CNTs resulting in a
cate(TEOS.'® This is followed by CMP to produce a CNT planarized Si@ surface with only the very ends of the CNTs
array embedded in SiQwith only the ends exposed over the exposed. As shown in Fig.(i2, the CNTs extend about
planarized solid surfacé. The top metal line may also be 30_50 nm above the SiGsurface, likely due to their better
deposited although it is omitted here. mechanical resilience. Bright contrast indicates conformal
Figure 2 shows scanning electron microsco8EM)  sj0, wrapping around each individual CNT even in the por-
and transmission electron microscogyEM) images of  tion that protrudes.
some CNT arrays at yarious stages of processing. Well-  The planarized SIQCNT structure without the top
separated, vertically aligned MWNTs are grown 6100 a4 [ine is amenable to current—voltage-¥) measure-
nm diam catalyst spof§ig. 2] and 2um spotdFig. 2b)]  nents using atomic force microscopfFM) modified with

defined by e-beam and UV lithography, respectively. The 2, ¢\rrent sensing AFMCSAFM) module. This technique
nm spots each have approximately 10 nanotubes. The nan@z, pe ysed to measure electrical properties of individual

tubes have an aspect ratio of up to 100:1 and lengths varying g The sjN, cantilever was coated with a Pt film so that
from 2 t% %j(,)'“m (depefnglng on the growth time agd condi- \ojtage bias can be applied. Figure 3 shows images of the
tIOI’IS). and diameters of between 30 to 200 (uepen Ing on topography, deflection, and current of an embedded CNT
the diameter of the patterned spot and the catalyst th'cknesssample[grown on a macro-sized continuous catalyst film

like in Fig. 2(i)] and corresponding profiles along the line on
the surface as highlighted. The topography clearly indicates
that CNTs protrude out of the SjQmatrix, consistent with
the SEM image in Fig. @. The black spots in Fig. (8)
correlate well with the protruding CNTs, indicating that
CNTs have higher conductance than the Si@atrix.
Clearly, the CNTs are well separated in the Si@atrix.
Corresponding to the CSAFM image in Fig(c8 the
AFM tip can be easily positioned over different conducting
spots to generaté—V curves of individual CNTs quickly.
Figure 3d) shows typicall -V curves of a single MWNT
and a compact bundle~(250x 500 nnf) in the embedded
array. Thel -V curve of the single MWNT is a straight line
within the instrumental limits of=10 nA. The resistance of
the single MWNT is about 300(k but that of the bundle is
much lower than the 2@® instrumental limit. Thd -V curve
of the insulating SiQ shows a flat line at zero with 1 pA root
mean squaré@ms) noise. Further measurements using a four-
, _ probe station linked to a semiconductor parameter analyzer
FIG. 2. SEM images of as-grown MWNTs ga) 100 nm diam catalyst . . .
spots andb) 2 um diam catalyst spots, ar(d) a catalyst film deposited at were carrlgd out t.O 'nSDECt.the bundles in ﬂ:!E'O \4 range_.
alignment markers over 1@m in size; (d)—(f) images corresponding to  AS shown in the inset of Fig.(d), a perfect linear curve is
those in(a)—(c), respectively, after being encapsulated with SiCg) high  observed that has resistance of 5.9, kcorresponding to

magnification SEM image of a MWNT arrayh) TEM image of a single ; ; 26m ;
MWNT from the array;(i) SEM image of the top surface of an embedded about 60 MWNTS in parallel contact with the diam

CNT array after CMP. The perspective of all SEM images is 45°. The scaleprObe' consistent with the CNT denSity seen in Fi@:)-Bln

bars are 5, 3, 10, 2, 5, 10, 1, 0.2, and @1, respectively. these experiments, repeatedly applying x 10° A/cm? cur-
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FIG. 3. Images of thga) topography,(b)
deflection, and(c) current sensingat —5
mV) of a 5X5 unm? planarized CNT array
embedded in a SiOmatrix with profiles
along the line marked. The scale bars for the
profiles are as noted except for deflection
(arbitrary). (d) 1-V curve of a single CNT
(open circles and a 25 500 nnf compact

- j _.1 :

f+1—|' T bundle(closed circlesin the embedded ar-
ray, both measured with CSAFM. Inset:
4 2 V0|tagoe (mV)2 4 | =V curve of a parallel contacted CNT array

measured with a four-probe station linked to
a semiconductor analyzer.

rent density for many hours did not show any damage acplane of graphite. True ballistic behavior is possible with
cording to thel -V measurements. It was already repotfed ideal MWNTs. We are currently investigating postgrowth an-
there was no degradation even at%8/cm? with only loose  nealing as well as higher temperature growth to reduce the
thermal contacts. So, it is expected that CNTs embedded in@sistance. The conductance may also be increased by intro-
SiO, matrix would withstand current densities far higher ducing intercalation species such as | or Br to improve elec-
than that desired by the ITRS. tron transport across graphitic layéfs.

Ballistic transport in MWNTs with quantized conduc- In summary, we have demonstrated a material and pro-
tance corresponds to resistance of 12B%The resistance cessing solution to integrate carbon nanotubes into multilevel
measured here of a single MWNT is more than an order ofnterconnects to meet future silicon IC needs. The process
magnitude higher than the theoretical value. Neverthelessequence, which involves plasma deposition of CNTs, di-
the use of a compact bundle or increasing the number oélectric gap filling, planarization, annealing, etc., is compat-
MWNTSs in contact may already be sufficient for global wir- ible with current IC manufacturing practice.
ing. There are several reasons for the observed resistance and
possible ways to reduce it. First, the contacts to nanotubes to _Work by the authors at ELORET was supported by a
date are not perfect. Typically, metal contact has always NASA contract.
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